This is a progress report on our study of the coupling of first-order radial and non-radial relativistic perturbations of a static spherical star. Our goal is to investigate the effects of this coupling on the gravitational wave signal of neutron stars. In particular, we are looking for the existence of resonances and parametric amplifications, changes in the damping time of non-radial oscillations, etc. To that end, we have developed a formalism that introduces gauge invariant quantities to describe the coupling. Their equations have the same structure as the equations for first-order non-radial perturbations plus some source terms, which makes them very appealing for time domain studies.
Introduction
Neutron stars are important gravitational wave sources both as isolated objects or in binary systems. The analysis of their gravitational radiation could open up a direct window on their interior, possibly revealing details on the equation of state of nuclear matter, the dynamics of the crust-mantle interaction and the inner superfluid/superconducting core. An accurate modeling of sources is crucial to the final end of providing templates of the wave form and spectrum of the signal for the analysis of data that comes from the new generation of gravitational wave detectors.
Linear perturbations and instabilities of neutron stars have been studied for a long time [1] but relatively little is known of non-linear dynamical effects (see [2] for references) and therefore second order studies may help to understand known problems and even reveal a new phenomenology.
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A. Baykal et al. (eds.) Here we outline our work in [2], where we introduced a framework to study the coupling of radial and non-radial first-order relativistic perturbations of static spherical stars. The goal is to study effects of this coupling (possible resonances, parametric amplification, etc.) that could make a significant impact in the gravitational wave signal of neutron stars.
Perturbative Framework
Using 2-parameter relativistic perturbation theory [3] ; [4] we parametrize separately the radial and non-radial perturbations. This allows us to split second order perturbations into three differentiated types: second-order radial and non-radial and the coupling between them. We are interested in the third type.
The basic ingredients of our perturbative framework are: (i) The background model for the star. We use a Tolman-Oppenheimer-Volkov model, that is, an equilibrium perfect-fluid spherically symmetric configuration. (ii) First-order radial perturbations (see [5] and references therein). These are perturbations preserving the spherical symmetry of the background model. They can be described by just three functions: two matter variables (in our case we choose the enthalpy and the fluid velocity radial component perturbations) and a metric variable. They obey a system of evolution equations containing only first-order time derivatives and subject to a constraint, the Hamiltonian constraint, which can be used to monitor the accuracy of a time-domain integration. (iii) Firstorder non-radial perturbations. Due to the symmetry of the background, these perturbations can be expanded in terms of (tensor) harmonics, so that the angular dependence is explicitly separated. Depending on how they behave under parity transformations they are called polar (even) or axial (odd) perturbations. Every harmonic (the monopole part would correspond to the radial perturbations, so it is not consider here) can be described in terms of gauge-invariant variables by using the formalism developed in (iv) Coupling of radial and non-radial perturbations. As we have mentioned above, these perturbations are a part of the second-order perturbations of our background. The part that is generated by the coupling of the radial and nonradial first-order perturbations. This is the sector of the second-order perturbations that we have to study in order to look for the physical phenomena we described in the abstract and introduction, and it is the subject of [2] . The structure of these perturbations is very particular. By pure inspection of Einstein's equations one can see that they are generated by source terms that can be expressed as a sum of products of radial and non-radial first order perturba-
